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Abstract 
We have investigated the temperature-dependent Raman-active phonons and the magnetic 
properties of Gd(Co1/2Mn1/2)O3 perovskite ceramics in the temperature range from 40 K to 300 K. The 
samples crystallized in an orthorhombic distorted simple perovskite, whose symmetry belongs to the 
𝑃𝑛𝑚𝑎 space group. The data reveals spin-phonon coupling near the ferromagnetic transition occurring 
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at around 120 K. The correlation of the Raman and magnetization data suggests that the structural 
order influences the magnitude of the spin-phonon coupling.  
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Rare-earth manganite perovskites present a very rich interplay between electric and 
magnetic properties that has been demonstrated in a plethora of phenomena observed in 
either bulk, powders or strained thin films. For instance, we can cite giant and colossal 
magnetoresistances observed in LaMnO3-based perovskites  [1],  occurrence of multiferroic 
behavior [2,3] and the discovery of the strong magnetodielectric coupling in ordered 
La(Ni1/2Mn1/2)O3 perovskite (usually written as La2NiMnO6, hereafter LNMO) [4]. The 
exploration of the chemical substitutions in the B-site has concentrated many efforts in 
REMnO3 (RE = rare earth) perovskites, since the choice of magnetic and ionic radius of the RE 
and substitute B cations, drives the magnetism, the ferroelectricity, and their coupling  [5–12]. 
The ferroic and multiferroic properties depend on the unit cell topology (cations’ size, 
angles and distances), therefore investigations of the spin-phonon coupling of manganites are 
of crucial interest and a convenient tool to study the magnetically induced ferroelectric 
systems [13]. Indeed, there is a vast literature on the investigation of spin-phonon coupling in 
magnetoelectric materials using both Raman and infrared spectroscopies comprising both 
simple and double perovskites [7,12,14–16]. Sample preparation, including the exploitation of 
epitaxy-induced strains, impacts the multiferroic properties and raises interesting differences 
between specimens prepared following different routes but with identical chemical 
composition. A paradigmatic example is the Co-substituted ordered manganite La2CoMnO6 
(LCMO) that shows spin-phonon coupling in thin-films, while the phonon modes remain 
insensitive to magnetic order in bulk samples  [17]. The conclusive explanation of this 
particular difference remains unraveled and calls for further investigations to the entire  
family, including ordered (conventionally typed RE2CoMnO6) and disordered (conventionally 
typed RE(Co1/2Mn1/2O3) compounds.. In this Letter, we have investigated the spin-phonon 
4 
 
coupling in the Gd(Co1/2Mn1/2)O3 (GCMO) perovskite using temperature-dependent Raman 
spectroscopy, which has been an important tool to investigate order, magnetic transitions, 
and spin-phonon coupling in perovskites   [12,15,18–22]. 
Polycrystalline samples of GCMO were synthesized by polymeric precursor 
method  [23] using cobalt acetate tetrahydrate (C4H6CoO4∙4H2O, Sigma Aldrich), manganese 
nitrate hydrate (MnN2O6∙xH2O, Sigma Aldrich) and gadolinium oxide (Gd2O3, Sigma, Aldrich) 
as high purity metals sources. The resin and puff (powder obtained by the resin pre-
calcination) were obtained following the steps described elsewhere [21]. The puff was lightly 
ground using an agate mortar and calcined at 1100 °C for 16h to obtain GCMO sample. The 
crystalline structure of the sample was probed by powder X-ray diffraction using a Rigaku 
Ultima III with Cu-Kα radiation (40 kV, 34 mA) over a range from 10° to 115° (0.03°/step with 
10s/step). The power XRD pattern was compared with data from ICSD (Inorganic Crystal 
Structure Database, FIZ Kalsruhe and NIST) International diffraction database (ICSD# 
23562)  [24]. The structure was refined using the Fullprof Suite v.2.05  [25]. Raman 
spectroscopy measurements were performed using a Jobin-Yvon T64000 Triple Spectrometer 
configured in a backscattering geometry coupled to an Olympus Microscope model BX41 with 
a 20x achromatic lens. The 514.5 nm line of an Innova Coherent laser operating at 100 mW 
was used to excite the signal, which was collected in a N2-cooled CCD detector. All slits were 
set up to achieve a resolution lower than 1 cm-1. Low-temperature measurements were 
performed by using a closed-cycle He cryostat where the temperature was controlled to 
within 0.1 K. Magnetic measurements were carried out in Quantum Design (QD) 
superconducting quantum interference device (SQUID). Temperature sweeps were collected 
with 4 cm long Reciprocating Sample Option scans. 
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In Figure 1 we show the powder X-ray pattern obtained for the GCMO sample. 
The reflections were indexed according to a disordered orthorhombic perovskite lattice, 
belonging to the Pnma space group. The refined structure parameters are in excellent 
agreement with those obtained previously by solid state reaction [26] and theoretically 
calculated by the SPuDS program [27]. The refinement and structural parameters are 
summarized in Tables S1, S2, S3 and S4 of the supplementary material.  Virtually unavoidable 
traces of Gd2O3 (<0.5%) were detected as secondary phase. RE2O3 is routinely observed in the 
synthesis of rare-earth mixed perovskites  [12,14]. 
Figure 2(a) shows the room-temperature Raman spectrum corresponding to 
GCMO sample. According to the ionic site occupation, group theory predicts 24 Raman-active 
phonons in GCMO, whose distribution into the irreducible representation of the 𝑚𝑚𝑚 factor 
group is 7𝐴𝑔⊕5𝐵1𝑔 ⊕7𝐵2𝑔 ⊕5𝐵3𝑔  (see Table S5 of the supplementary material) [30]. We 
observed 10 modes at room temperature. The number of observed modes, lower than the 
predictions, is not surprising since GdMnO3 and GdCoO3 show low-intensity Raman spectra, 
even at low temperatures [13,29]. The observed phonons were classified based on GF Wilson 
matrix method [30–32]. The modes can be divided into a lower (below 450 cm-1) and higher 
(above 450 cm-1) wavenumber regions, separated at 450 cm-1. In the low wavenumber region, 
the vibrations are usually not pure, comprising combinations of pure vibrations (stretching, 
bending, tilt, etc.) with large displacements of the Gd ion. In the high wavenumber region, the 
vibrations are almost pure. The stronger phonon at approximately 628 cm-1 corresponds to 
the (Mn,Co)O6 octahedra symmetrical stretching, but it is mainly due to the equatorial oxygen 
ions (O2 ions). This is in excellent agreement with preceding works by Iliev et al  [33]. The 
mode at 461 cm-1 is a (Mn,Co)O6 octahedra bending. In addition, the (Mn,Co)O6 octahedra tilt 
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along the y axes and other bending mode were observed at 293 and 494 cm-1, respectively. 
These modes are depicted in Figure 2(a). In addition to these modes, other weak phonons 
were observed at 251, 278, 330, 391, 440, and 531 cm-1. A full classification of the phonons 
observed in GCMO is listed in Table 1. The classification agrees very well with those proposed 
for other Mn-based perovskites with 𝑃𝑛𝑚𝑎  symmetry  [13,33] and with previous GCMO 
results [34]. A detailed description of the calculations used to model the phonons and pictures 
of all the observed Raman-active phonons are given in the supplementary material. 
Figure 2(b) shows the temperature-dependent Raman spectra of GCMO 
between the room temperature and 40 K. As expected, no remarkable changes were observed 
since GCMO does not undergo a structural phase transition in this temperature range [26]. 
The temperature-dependence of the (Mn,Co)O6 stretching and bending wavenumber 
positions is shown in Figure 3. The stretching shows a deviation from the usual anharmonic 
contribution to the temperature dependence of the phonon wavenumber, which was 
modeled by Balkanski et al  [35] as: 
𝜔(𝑇) = 𝜔𝑜 − 𝐶 [1 +
2
(𝑒ℏ𝜔𝑜/𝑘𝐵𝑇 − 1)
] 
with 𝐶 and 𝜔𝑜 being fitting parameters. In the absence of structural phase transitions, as it is 
found in GCMO, the temperature dependence of the phonons follows this behavior. This 
deviation is similar to that observed in other perovskites with magnetic transitions, and it is 
associated to the renormalization of the phonons induced by the magnetic 
ordering  [7,12,15,17,36-38], usually understood as a signature of coupling between the spin 
and phonons. To check this assumption, we measured, in the same temperature range, the 
spontaneous magnetization of GCMO, which is shown in Figure 3. The magnetization curve 
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reveals the onset of the net magnetic moment at the Curie temperature near 120 K, which is 
consistent with other magnetic measurements in GCMO  [26]. Our data evidence that the 
behavior of the stretching mode departs from the anharmonic model near this transition, 
confirming the coupling between the magnetic ordering and this phonon. The comparison 
between the departure from the anharmonic behavior of the stretching and the square of the 
magnetization, plotted in the inset of the Figure 3(a), highlights that the phonon 
renormalization scales well with the square of the magnetization, as predicted the mean field 
theory  [39].  
Our major finding is that, contrary to similar perovskites  [7,12,14,15], the 
renormalization implied in a hardening of the phonon, suggesting that the spin-phonon, in the 
present case, does not stabilize the transition [39]. This behavior is different of that observed 
in the stretching mode in GdMnO3 simple perovskite phonons [13] and akin to that observed 
in GdCoO3  [40]. Ultimately, it reflects a large coupling of the magnetic ordering coupling with 
the symmetrical stretching in GdCoO3 when compared with GdMnO3 [11,40].  
On the other hand, it is interesting to compare the LCMO and GCMO spin-
phonon coupling properties. LCMO does not exhibit such a coupling in bulk, but it was 
reported in thin films  [18]. However, this effect is clearly observed in GCMO (Figure 3(a)). The 
main differences are: the structural order (LCMO and GCMO are ordered and disordered 
perovskites, respectively); the ionic radii of the rare earth ion (Gd is almost 10% smaller than 
La); and the rare earth magnetic moment (presented by Gd, but absent in La).  It is also 
important to take into consideration that the simple perovskites LaMnO3 and LaCoO3 exhibit 
spin-phonon coupling  [39,40]. However,  It was proved that in double perovskites this effect 
is not fully driven by the ionic radii size [12]. Based on these results, the observation of spin-
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phonon coupling in GCMO suggests that the magnitude of the spin-phonon can be turned by 
the structural order. As a result, we anticipate that GCMO thin films should exhibit large spin-
phonon coupling than LCMO, since the effect is rather observed in bulk in GCMO. 
In summary, we have investigated the temperature dependence of the Raman 
spectra of the Gd(Co1/2Mn1/2)O3 perovskite between 40 K and 300 K. Magnetic 
characterization of the same samples indicated a ferromagnetic transition at Tc ~120 K. While 
no remarkable spectral changes in Raman spectra could be ascribed to structural phase 
transitions, the temperature dependence of the symmetric stretching of the oxygen 
octahedra exhibits an anomalous hardening below the ferromagnetic transition. We argue 
that this effect is related to the phonon renormalization induced by the spin-phonon coupling, 
suggesting that the structural ordering influences in the magnitude of this phenomenon. 
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Tables 
 
Table I – Assignment of the Gd(Co1/2Mn1/2)O3 Raman-active modes based on the GF Wilson matrix 
analysis. 
 
Observed      
(cm-1) 
Calculated       
(cm-1) 
Symmetry Main atomic motions 
251 255.6  Ag  
Octahedra Bending / RE moves in xz 
plane 
278 277.9  B1g 
octahedra out-of-phase tilt along y 
axis /  RE and apical O move along 
y axis 
293 295.9  Ag 
octahedra in-phase tilt along y axis 
/ RE and apical O move in xz plane 
330 334.5  B1g 
octahedra antisymmetric 
stretching / RE moves along y axis 
391 381.1  Ag 
octahedra antisymmetric 
stretching / RE moves in xz plane 
440 439.5  B2g 
octahedra out-of-phase tilt along x 
axis /  RE and apical O move in xz 
plane 
461 463.1  Ag  Octahedra bending 
494 494.2  Ag Octahedra bending 
531 540.4  B2g Octahedra antisymmetric stretching  
628 624.8  B2g 
Octahedra symmetric stretching in 
plane xz due to the equatorial 
oxygens / RE moves in the same plane 
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Figure 1–Powder X-ray diffraction pattern of GCMO ceramic sintered at 1100 °C/16 h. The red solid line is the 
fitting using the Rietveld method and the black line is the residual between the experimental and calculated 
patterns. The inset on right shows a detailed view of the peaks. On the upper left a view of the structure is shown. 
The asterisk shows the most intense peak associated with the Gd2O3 secondary phase. 
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Figure 2 – Top: Raman spectrum of GCMO at room temperature. The inset shows the low-wavenumber region 
of the spectrum. The atomic displacements of the main phonons observed are depicted: 626 cm-1, 494 cm-1, 391 
cm-1 and 293 cm-1; Bottom: temperature-dependent Raman-active phonon spectra of GCMO in the wavenumber 
range of (b) low-wavenumber region and (c) high-wavenumber (stretching region). The temperature 
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measurements were performed in temperature steps of 20 K far from the magnetic transition and of 5 K near 
the transition.  
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Figure 3 - Temperature dependence of the phonon positions of two typical modes observed for GCMO (blue 
spheres). The red lines show the anharmonic effect contribution to the temperature dependence of the phonons 
modeled by the Balkanski model. Figure (a) shows the magnetization (green line) obtained for GCMO. The inset 
in figure (a) shows the temperature dependence of the departure from the anharmonic behavior of the mode 
that exhibits the spin-phonon coupling compared with (𝑀(𝑇)/𝑀𝑜)
2. 
